The Wilms' tumour suppressor gene (WT1) encodes a protein(s) with 4 zinc fingers that is essential for the devel opment of the genitourinary system. A considerable body of evidence exists to support the idea that WT1 binds DNA and functions as a transcription factor. However, we have shown recently by confocal microscopy and immunopré cipitation studies that a significant proportion of WT1 is associated with splice factors in kidney cell lines, fetal tissues and transfected Cos cells. Different isoforms of WT1 are produced by an alternative splice that leads to the presence or absence of a 3 amino acid insertion (KTS) between zinc fingers 3 and 4. We have shown that these different forms localise differently in the nucleus. The +KTS form mainly localises with splice factors, the -KTS form mainly with transcription factors. Here we propose a model to account for these different localisations. Also, we discuss the possible significance of these findings.
INTRODUCTION
W ilm s' tumour (WT) is a relatively common paediatric malig nancy of the kidney affecting in the order of one in 10,000 children (Hastie, 1994) . W T is perhaps the most striking example of how cancer can arise through disruption of devel opment. In this case metanephric stem cells which should normally differentiate into the epithelial components of the nephron, continue to divide in an uncontrolled manner, leading to tumours which may be in the order of 2 kg in size. These tumours attempt to recapitulate the normal stages of nephrogenesis but do so in an abortive fashion (Hastie, 1994) .
From genetic analysis there is evidence for at least 3 different W T disposition genes, 2 of these mapping on the short arm of human chromosome 11. So far only one of these has been isolated, the W ilm s' tumour suppressor gene 1 or WT1, mapping to chromosome l l p l 3 (Call et al., 1990; Gessler et al., 1990) . WT1 is a classical tumour suppressor gene in that complete loss of function in kidney stem cells is usually required for the initiation of tumorigenesis.
The WT1 gene encodes a protein with 4 zinc fingers, the last 3 of which have a high degree of similarity with the 3 zinc fingers of known transcription factors, S p l, EGR1 and EGR2. However, unlike these other zinc finger proteins, 4 slightly different isoforms of WT1 are produced by alternative splicing (Fig. 1) . One of these alternative splices leads to the inclusion of an extra 17 amino acids upstream of the zinc fingers and another leads to the insertion of 3 amino acids: lysine, threonine and serine (KTS) between zinc fingers 3 and 4.
The highest levels of WT1 expression are detected during fetal development, particularly in the kidney, gonad and mesothelium, the latter being a tissue that surrounds the body cavity and the thoracic organs (Pritchard-Jones et al., 1990) . These 3 tissues all arise from mesoderm and all undergo a mes enchyme to epithelial transition in the cells expressing WT1 at high levels.
The study of spontaneous mutations in humans and manu factured mutations in mice have shown that WT1 function is essential for the normal development of the kidney, gonad and mesothelium. Humans inheriting heterozygous deletions of chromosome l i p 13 i.e. with one functional copy of WT1, often have mild developmental abnormalities of the kidneys and gonads as well as W ilms' tumours. However, a particular class of inherited WT1 mutations can lead to much more severe abnormalities of the kidneys and gonads in children with the so-called Dennis Drash Syndrome (DDS) Hastie, 1994) . These WT1 mutations, either missense or nonsense mutations, always affect the zinc finger region of the proteins specifically so that nucleic acid binding is destroyed. In these children only one copy of the gene is mutated, the other being wild type, so it has been concluded that the severe phenotype is caused by dominant negative mutations in the gene. The most convincing proof that WT1 is required for normal genitourinary development comes from analysis of homozygous null mice created by gene targeting (Kreidberg et al., 1993) . These mice die at 14-15 days gestation, completely lack kidneys and gonads and have an abnormal mesothelium. Consideration of all the different phenotypes arising through different WT1 mutations has led us to conclude that WT1 is required for at least 3 different stages of kidney development (Hastie, 1994 n n n n n o , n n n n n n n n n n KTS F ig. 1. Structure of the 4 different WT1 isoforms produced through alternative splicing. The -and + refer to the absence or presence of the 17 amino acid exon 5 or the 3 amino acid insertion at exon 9 (+KTS). The rectangular box depicts the large proline/glutamine-rich regulatory domain.
mulated to suggest that WT1 is a transcription factor, in par ticular a transcriptional repressor. There are several lines of evidence to support this idea: (1) WT1 binds G-rich DNA motifs with moderately high affinity (Rauscher et al., 1990; Bickmore et al., 1992; Drummond et al., 1994) . (2) Inherited missense mutations in children with DDS affect residues predicted to contact DNA directly from crystallographic studies Pavletich and Pabo, 1991) . (3) WT1 can repress the expression of reporters linked to promoters containing G-rich binding sequences. (4) The proline/glutamine-rich repression domain from WT1 can be transferred to other proteins such as EGR1, transforming these proteins from transcriptional activators to repressors (Madden et al., 1991) . Several potential target genes for repression by WT1 during development have been identified -these include the insulin-like growth factor 2 gene (IGF2), the IGF1/2 receptor gene, the PDGFA gene and the PAX2 developmental gene (Hastie, 1994) . Although these are all good candidates for physiological targets of WT1, there is no direct in vivo evidence to prove this association. W hat is the significance of the 4 different isoforms of WT1 created by alternative splicing? It is important to stress that the predominant forms of WT1 mRNA are those containing the 2 inserts (+/+, Fig. 1 ), though it is not clear whether this reflects the level of the protein . It appears that the ratio of the different mRNAs is consistent throughout devel opment and in different tissues. We have little understanding of the significance of the 17 amino acid insert, though it can influence the strength of transcriptional repression under certain circumstances. However, it is clear that the +KTS form of the molecule has different DNA binding properties from the -K T S form (Bickmore et al., 1992; Drummond et al., 1994) . The -K T S form binds a nonomer of the form GCGGGGGCG with moderately high affinity but the +KTS form will not bind to this sequence. It appears that inserting KTS makes the protein one which will now bind through all 4 zinc fingers to a 12mer. Hence the +KTS form will bind to a more limited set of DNA targets than the -K T S form.
There is strong evidence to suggest that the + and -K T S forms are essential for normal development and that their ratio is critical; this comes from 2 sources. Firstly, we have shown recently that the -and +KTS forms are conserved throughout all vertebrate W T ls, including those in fish, amphibians, reptiles, birds and mammals; however the 17 amino acid insert is only found in mammals (Kent et al., unpublished; Hastie, 1994) . Secondly, several children with DDS have inherited remarkable mutations which affect splice sites such that only the -K T S form of the mRNA is synthesised from one allele (Bruening et al., 1992) . Hence, there is a reduced ratio of +KTS form to -K T S form in these children who develop severe abnormalities of the kidneys and gonads as well as W ilm s' tumour. From this it is tempting to conclude that +KTS and -KTS forms have different functions and that their ratio is critical.
Over the past few years all the studies on transcriptional properties of WT1 have been carried out in artificial systems using transient transfections in cells not normally expressing the protein. Recently we have set up fetal kidney and gonad cell lines from mice in order to study WT1 protein in its natural environment. By studying WT1 in these cells we hope to identify the physiologically relevant target genes and the proteins with which WT1 may interact to perform its function. As we will now describe, these studies have led to some sur prising conclusions about WT1 localisation in the nucleus (Larsson et al., 1995) . Contrary to our expectations, most WT1 molecules appear to associate with splice factors, not with the transcriptional apparatus.
RESULTS

WT1 colocalises with snRNPs in the nucleus
In order to study the localisation of endogenous WT1 protein we studied cell lines from fetal kidney and gonad o f trans genic mice carrying the polyom a large T immortalisation gene (Larsson et al., 1995) . These new cell lines express high levels of WT1 mRNA and protein, comparable to the highest levels found during development. A battery of monoclonal and polyclonal WT1 antibodies was then used to investigate the localisation of WT1. A num ber of different controls were carried out to prove that any signals we observed were specific for WT1. The results w e obtained were the same for several different WT1 antibodies. Only cell lines expressing WT1 at the mRNA level were positive with the antibody. A typical WT1 staining pattern using confocal microscopy is shown in Fig. 2 . Contrary to expectations for a transcription factor, WT1 was found to be localised in 20-50 discrete spots as well as in a diffuse background signal. The pattern we obtained was reminiscent of that observed in many previous studies using Sm antibodies that recognise a num ber of snRNPs which function in splicing (Nyman et al., 1986; Spector et al., 1991) . Using these antibodies it has been shown that snRNPs are concentrated in 2 types of structures, 20-50 speckles and 2-5 larger structures called coiled bodies. These latter structures also contain a protein called p80 coilin which is generally absent from the speckles. As can be seen in Fig. 2, WT1 antibodies light up the same pattern as the snRNP antibodies. This is clear when the 2 images are merged (yellow colour). There is, however, more diffuse background staining with the WT1 antibody than with the snRNP antibodies. We observe this colocalisation in several Furtherm ore, the sam e pattern was seen in frozen sections o f fetal kidney and gonad (Larsson et al., 1995) . W e w ere also able to show that WT1 proteins can be im m unoprecipitated by several different splice factor antibodies from all these different cell lines suggesting a direct interaction betw een WT1 and com ponents o f splicing factor com plexes (Larsson et al., 1995) .
WT1 and splice factors relocaiise in a sim ilar fashion follow ing heat shock
W hen cells are exposed to a variety o f insults splice factors reorganise in the nucleus. For exam ple when transcription is inhibited by actinom ycin D m ost snR N Ps localise in larger bodies (C arm o-Fonseca et al., 1991 (C arm o-Fonseca et al., , 1992 . H ow ever coilin, U 170K and the splice factors U 2A F now relocalise in a ring round the nucleolus. W e have shown that WT1 dissociates from snR N Ps follow ing actinom ycin treatm ent and now relocalises around the nucleolus w here it can still be im m unopre cipitated by antibodies to coilin (Larsson et al., 1995) . A nother treatm ent w hich causes relocalisation o f snR N Ps in the nucleus is heat shock; this leads to a diffuse staining pattern w hich reor ganises back into speckles and coil bodies after 20 m inutes at 37°C (Fig. 3) . M 15 kidney cells w ere incubated at 45°C for 15 and then stained w ith WT1 and Sm antibodies for confocal Fig. 3 . WT1 relocalises following heat shock. The M15 kidney cell line was incubated at 45°C for 15 minutes and then allowed to recover for 15 minutes at 37°C. (A) The WT1 staining pattern for heat shock, (B) after heat shock and (C) after recovery. Note that the pattern becomes more diffuse after heat shock but returns to a spotty pattern after recovery. m icroscopy. As for the snR N Ps (data not show n) the WT1 pattern becam e diffuse after heat shock. H ow ever after 15 m inutes at 37°C both snR N Ps and WT1 reappeared together in speckles. T ogether w ith the other data we have accum ulated these results support the idea that WT1 and splice factors are intim ately associated in the nucleus.
D ifferent WT1 isoform s localise to different com partm en ts in the nucleus
The pattern of WT1 localisation we observed in the kidney and gonad cell lines is likely to be a com posite o f all the 4 isoform s produced through alternative splicing. We w ere interested in know ing w hether the different W T l splice form s localise in a sim ilar fashion in the nucleus, particularly in light o f genetic evidence w hich suggests that the +K TS and -K T S form s may have different functions. To address this question we intro duced each o f the 4 W T l isoform s separately into Cos cells, adm ittedly an artificial system , with the hope that W T l local isation m ight reflect localisation o f the endogenous proteins at least to some extent (Larsson et al., 1995) . .
In a nutshell, the 2 form s o f the protein containing the +KTS inserts (-/+ ,+ /+ ) w ere m ore likely to give a speckled pattern, w hereas the form s lacking the +K TS m otif ( -/ -, + / -) localised to large dom ains or gave a diffuse pattern in m ost cells. To determ ine w hether the speckles corresponded to snR N P-containing bodies the cells w ere also stained w ith Sm antibody. This confirm ed that the +K TS form colocalised with snR N P in the m ajority o f cells w hereas -K T S form s only show ed colo calisation w ith snR N Ps in a very sm all m inority (Larsson et al., 1995) .
W hat is the nature of the large dom ains of staining observed w ith both -K T S form s of W T1?
W hen vectors containing S V 40 origins are introduced into Cos cells this induces a lytic SV 40 infection. V iral tran scription takes place in large dom ains in the nucleus. T he transcription factor S p l is know n to be induced in this situation and localised to these large dom ains. T o determ ine w hether the large dom ains observed w ith the -K T S form o f WT1 correspond to these large dom ains containing S p l and other transcription factors, co-im m unohistochem istry ex p er im ents w ere carried out. T he results w ere very clear cut; the -K T S form s o f WT1 colocalised w ith S p l and the basal tran scription factor TFIIB in large dom ains in the C os cells (Larsson et al., 1995) .
W hat facto rs determ ine the differential localisation of WT1 isoform s in the nucleus?
A (Fig. 4) . W e also asked w hat w ould happen to localisation if w e intro duced into Cos cells WT1 form s incapable o f binding to D N A because they had m utations in the zinc finger dom ains. Tw o such m utant form s (both m im icking form s observed in patients w ith DD S) w ere introduced into Cos cells. O ne of these w as a m issense m utation in zinc finger 3 converting an A rg394 to T rp; the other form lacked the last 2 zinc fingers W e have show n that both these form s are incapable o f binding to a range o f WT1 binding sites (Little et al., 1995) . R em arkably both these m utant form s localise in speckles in 80-95% of cells, show ing better colocalisation w ith snR N Ps than the w ild-type W T1 form s. T hus both these experim ents support Firstly, it is im portant to say that splicing in the main is not thought to occur in speckles (interchrom atin granules or IGs) or coiled bodies but co-transcriptionally in the perichrom atin fibrils (M attaj, 1994) . T his is still som ew hat controversial as the splicing o f som e specific m R N A precursors may w ell take place in the IGs. G iven the fact that W T 1 im m unoprecipitates with different splice factor antibodies we feel it is reasonable to assum e that WT1 is associated w ith snR N Ps in active splice com plexes, w here ever they m ay be. H ow ever, w e still have to prove this and are in the process o f setting up experim ents to do so.
Is it that excess WT1 protein is m ade in the cell and that the speckles are dum ping grounds fo r the excess protein? This is o f course a possibility but one w e think is incorrect. Firstly, we see the snR N P association in a variety o f cell lines expressing WT1 at different levels. S econdly, the transcription factor S pl is expressed at very high levels (probably higher than trans fected W T1) in transfected Cos cells but is never seen associ ated w ith snRNPs. Thirdly, another transcription factor, PAX 6, only localises in transcription facto r dom ains w hen transfected into Cos cells (Larsson et al., 1995) . Furtherm ore, w hen Cos cells are treated w ith D N asel all the W T1 m oves to the speckles w hereas S p l exits the nucleus. M oreover, we should point out that the genetic studies in hum ans suggest that both +K TS and -KTS form s o f the protein are essential and that they have different functions. Finally, in cells treated with actinom ycin D, WT1 separates from m ost o f the snR N P and relocates to the nucleus w ith a few specific proteins including I Control □ DNasel the U1 70K protein, U2AF, an auxiliary splice factor involved in alternative splicing, and P80 coilin. This again supports the idea that WT1 is involved in specific interactions with a subset of splice factors.
Hence we conclude that the interaction of WT1 with splice factors is likely to be physiologically meaningful, though we have a great deal to do to unravel the functional significance. Thus we propose that WT1, in its different forms, plays roles in regulating mRNA processing as well as transcription. W ork from our collaborator, Dr Andrew W ard's laboratory, supports this idea. They have shown that WT1 can bind RNA with high affinity through the zinc fingers whereas E grl cannot. They have also preliminary evidence to support the idea that WT1 can regulate the expression of genes post-transcriptionally. If WT1 does play a role in regulating RNA processing this suggests that such post-transcriptional control is essential for normal kidney and gonad development and that misregulation can lead to tumours and other developmental abnormalities.
Our experiments have shown that the +KTS form is more likely to associate with snRNPs than the -K T S form though this distinction is not absolute. It is clear that all 4 forms are capable of interaction and that the domains created by alterna tive splicing are not themselves essential for the interaction. Why then do the 2 forms localise differently in the nucleus? The scheme we favour is that the -K T S form binds to a wide range of DNA targets and with higher affinity than the +KTS form. Hence, more of the +KTS form is free to associate with splice factors. This is supported by the fact that when we removed DNA binding sites by treating cells with DNasel or by mutating the zinc fingers, the protein associates with splice factors in a high proportion of cells (Fig. 4) .
Finally, it is worth considering the components of the splicing complex with which WT1 directly interacts. In the presence of actinomycinD, WT1 relocates with a subset of splice factors including U2AF, U170K and P80 coilin. In this situation WT1 can still be immunoprecipitated by coilin antibody but not by antibody to the snRNPs. It is tempting to speculate that WT1 binds directly to one of these proteins. Studies are in progress to test this.
